Shaker K + channel adds a nonlinear effect early in the transduction process.
INTRODUCTION
A major challenge in neuroscience, and other integrative disciplines, is to determine the normal functions of molecules identified by molecular genetic approaches. Even within single cells, functional studies must cope with complex, often nonlinear, interactions between multiple cellular components. Analyzing such nonlinearities may require detailed knowledge of entire cell function, in addition to the properties of the individual cellular components in question (Kitano 2002) .
Drosophila photoreceptors provide a genetically tractable system in which individual cellular components, including ion channels and sensory transduction proteins can be studied (Weckström and Laughlin 1995; Hardie 2001) . Combined with quantitative measures of photoreceptor performance, such as sensitivity, signal-to-noise ratio and frequency response, as well as behavior (e.g. Schilstra and van Hateren 1999; van Hateren and Schilstra 1999) , these cellular and molecular approaches provide a system where the contributions of individual cellular components to normal cell function may be determined (Juusola and Hardie 2001a) .
Drosophila, and other insect photoreceptors (e.g. Weckström et al. 1991) , contain voltageactivated K + channels (Hardie 1991) that contribute strongly to photoreceptor membrane behavior and may reflect the insects' visual ecology (Weckström and Laughlin 1995) . Drosophila photoreceptors express an array of voltage-activated K + -channels including the rapidly inactivating Shaker K + channel and at least two non-inactivating K + channels (Hardie 1991) . The Shaker K + channel in Drosophila was the first cloned K + channel, and has been extensively investigated (Hille 2001) , but the roles of Shaker and its homologs remain unclear. Suggested functions include the attenuation of graded potentials and back-propagated action potentials in dendrites (Laurent 1990; Hoffman et al. 1997; Magee et al. 1998 ), modulation of firing frequencies of spiking neurons (Connor and Stevens 1971) and control of spike propagation reliability (Debanne et al. 1997) .
Recent work has indicated that Shaker increases the dynamic range of phototransduction and improves the signal-to-noise ratio in Drosophila photoreceptors (Niven et al. 2003 responses to a dim, steady light background counted in the same photoreceptor during 10 seconds.
Background intensity was increased or reduced by neutral density filters between the light source and the eye. All light intensity measurements were converted to dimensionless contrast units with a mean contrast of 0.32. Light intensity and photoreceptor membrane potential were sampled at 1 ms intervals during the presentation of pseudorandomly fluctuating sequences of 100 s duration.
Nonlinear system identification
The original sampling resolution of 1 ms was reduced to 2 ms by combining adjacent points to
give records of 50,000 data pairs (light intensity in contrast units and receptor potential in mV). For each record, the first 40,000 data pairs were analyzed as the input and output of an unknown nonlinear dynamic system with light intensity as the input, x(t), as a function of time, t, and the receptor potential as output, y(t), represented by the first three terms of a Volterra functional series:
where: u,v) are the kernels of the system and u, v indicate time lags.
Several methods have been developed for kernel estimation (French and Marmarelis 1999).
Earlier methods relied on stimulating the unknown system with Gaussian white noise, or a close approximation, but more recent methods avoid this requirement. The parallel cascade method (Korenberg 1991) is based on the principle that a wide range of nonlinear dynamic systems can be approximated by a parallel cascade of simple nonlinear systems (branches), each consisting of a linear filter followed by a static nonlinearity (Fig. 1) . Branches are added one-by-one, with each chosen to minimize the squared error remaining after subtracting the sum of all the previous branch outputs from the actual system output. Addition of branches proceeds until some pre-determined criterion of error level or number of branches is reached. The kernel estimates were then substituted into Equation (1) and used to predict the output of the nonlinear system to the input signal of the remaining 10,000 data pairs of each record. Therefore, all predictions were based on data that had not been used for system identification.
Simulation
Nonlinear responses in Drosophila photoreceptors were simulated by a NLN (Nonlinear staticLinear dynamic-Nonlinear static) cascade model (French et al. 1993 ). The two nonlinear components were third-order polynomial functions and the linear component was the Wong and Knight photoreceptor model (Wong et al. 1980) :
where n and J are parameters to be fitted. To remove redundant parameters, only one constant term was included in the model, as an offset in the output of the linear component. Similarly, the first nonlinear component had a fixed first-order coefficient of unity. The numbers of unknown parameters were therefore: 2 (first polynomial) + 3 (Wong and Knight model plus offset) + 
RESULTS

We recorded from wild type
Kernel estimates for photoreceptors
Preliminary measurements indicated that both first-order and second-order kernels extended for less than 60 ms along the time axes. Therefore, all estimation and modeling was conducted using 30 lags of 2 ms. Parallel cascade fitting was used with cascade branches being added until the square of the residual error (z(t) in Fig. 1 in all cases (note that these two errors were computed differently). Figure 3 shows kernel estimates from three representative wild type photoreceptors. First-order kernels, K 1 (u), had a repeatable form that was similar to flash responses in light-adapted Drosophila photoreceptors (Juusola and Hardie 2001a) with an initial delay of about 5 ms and a peak response at about 15 ms. Second-order kernels, K 2 (u,v), also had a repeatable form, with a positive peak on the diagonal at about 12 ms and a negative, inhibitory peak at about 20 ms that spread away from either side of the diagonal by more than 5 ms. Plots of second-order kernel diagonals, K 2 (u,u) are also shown in Fig. 3 (lowest traces). Note that the positive peak always occurred about 2 ms before the first-order kernel peak, and that the inhibitory peaks, which were clearly evident in the perspective plots, made little contribution to the kernel diagonal.
Kernel forms
First-order kernels of Shaker mutant photoreceptors had very similar amplitudes and forms to those from wild type flies (Fig. 4) . However, the second-order kernels were dramatically different, with complete loss of the early positive peak and much clearer inhibitory peaks, which now dominated the diagonals (Fig. 4 lowest traces) .
Predictions of photoreceptor output from the Volterra series ( et al. 1993) and the gamma function model (or Wong and Knight model) of photoreceptor function (Wong et al. 1980 ) has also been used in cascade models . We combined these ideas to create a NLN model (Fig. 5 Photoreceptors with a Shaker null mutation also operate at much lower mean light-induced potentials than wild type photoreceptors (Fig. 2) . The lack of Shaker K + channels leads to a compensatory increase in leak conductance, as indicated by the reduced membrane impedance and higher dark resting potential of Sh 14 photoreceptors (Niven et al. 2003) , which probably causes the reduced response to light. The second-order kernels of Sh 14 photoreceptors caused a significant gain reduction during the time course of the transduction seen in the first-order kernels, reflecting this voltage-dependent shunting.
The NLN cascade simulation, although clearly not adequate to account for all the nonlinear behavior, also suggested that Shaker K + channels increase the amplitude and speed of the phototransduction response (Fig. 7) . The relatively small positive deviation in the first nonlinear component at negative contrasts has been reported before in another fly (Calliphora) photoreceptor Are the effects of the Sh 14 mutation due entirely to loss of functional Shaker channels in the photo-insensitive membrane? Sh 14 has a missense mutation in the core region of the Shaker channel (Lichtinghagen et al.1990 ). The effects of this mutation are not restricted to photoreceptors but have also been reported in motor neurons and muscles in both adults (Ganetzky and Wu 1982) and embryos (Haugland and Wu 1990; Broadie and Bate 1993) . Sh 14 affects circuits underlying flight and an escape response circuit (Engel and Wu 1992) as well as producing uncoordinated walking behavior (Ganetzky and Wu 1982) in adult flies. These effects all seem to be caused by loss of functional potassium channels in the neuromuscular system, rather than any pleiotropic effects.
However, this does not exclude the possibility that elimination of functional Shaker channels has other effects on photoreceptor physiology. Additionally, if experience-dependent plasticity is important in developing normal photoreceptor function, it is possible that behavioral differences in Sh 14 flies could, in turn, lead to different photoreceptor properties. However, this is unlikely to be a factor in the present study because all flies were reared in darkness.
An animal's lifestyle and behavior control the range and speed of natural stimuli it encounters, placing constraints and demands on the quality and processing capacity of its visual system.
Laughlin (1996) suggested that slowly flying insects may use rapidly inactivating potassium conductances to create ohmic photoreceptor membranes under various light conditions. This metabolically inexpensive design, called matched filtering, would both maintain a high gain for relevant slow stimulus frequencies and filter out high frequency phototransduction noise. However, our results suggest that the situation is not so simple, at least for the photoreceptors of relatively slow moving and turning Drosophila. Although Drosophila has poor spatial resolution with a small number of facets and blurred optics (Land 1997) its photoreceptors produce fast responses to constant variance light contrast stimuli. We found that the rapidly inactivating Shaker channels, instead of making the photoreceptor membranes ohmic act as non-linear filters to accelerate and amplify phototransduction responses, and hence enhance the bandwidth of reliable signaling. The NLN model suggests that this amplification is an early nonlinearity that partly offsets later nonlinearities of opposite form. 
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